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This  technical  report  has  been  prepared  as  part  of  the  requirements  of  the  TOPS  DO  Contract 
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Wright-Patterson  Air  Force  Base,  Ohio.  The  report  covers  the  work  conducted  during  the  period 
September  1,  2003  to  February  28,  2005  and  constitutes  the  final  report  under  this  contract. 
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SUMMARY 


This  work  formed  the  second  part  of  an  investigation  into  the  use  of  Gd2C>3  as  an  alternative 
stabilizer  for  Zr02-based  thermal  barrier  coating  (TBC)  materials.  The  current  state-of-the-art 
TBC  material,  Y2(>3-stabilized  Zr02  (3.5-^  mole  percent  Y2C>3),  referred  to  as  YSZ,  suffers  from 
limited  durability  at  use  temperatures  above  1000-1200  °C.  Our  previous  work  investigated  the 
influence  of  Gd203  concentration  on  the  sintering  and  phase  stability  of  conventional  Zr02  pow¬ 
ders.  In  this  work,  the  effect  of  Gd203  concentration  (4-20  mol%)  on  the  sintering  and  phase 
transformation  of  plasma-sprayed  Zr02  powders  was  investigated  and  the  data  were  compared 
with  those  for  YSZ.  Only  the  Zr02-4  mol%  Gd2C>3  and  the  YSZ  compositions  showed  X-ray 
diffraction  peaks  characteristic  of  the  metastable  t'  phase.  The  Zr02-4  mol%  Gd203  composition 
sintered  more  slowly  and  had  a  lower  thermal  conductivity  than  YSZ,  but  its  resistance  to  desta¬ 
bilization  of  the  t'  phase  was  lower  than  YSZ.  Because  of  the  reduced  t'  phase  stability,  Gd203 
by  itself  may  not  be  an  effective  stabilizer  for  Zr02-based  TBCs  intended  for  high  temperature 
use.  Future  work  should  investigate  the  sintering,  phase  stability,  and  thermal  conductivity  of 
co-doped  Zr02  compositions  simultaneously  stabilized  with  Y2C>3  and  another  rare-earth  oxide 
such  as  Gd2Q3. 


1.  INTRODUCTION 

Thermal  barrier  coatings  (TBCs)  are  used  extensively  to  protect  and  insulate  the  metallic 
structure  of  jet  aircraft  engines  and  advanced  gas  turbine  engines  [1-8].  The  current  state-of-the- 
art  TBC  material,  Y203-stabilized  Zr02  (3. 5-^1  mol%  Y203),  referred  to  as  YSZ,  suffers  from 
limited  durability  [6-8],  particularly  in  applications  that  require  prolonged  exposure  to  high  tem¬ 
peratures  (above  1000-1200  °C).  At  these  temperatures,  YSZ  undergoes  sintering  (or  densifica- 
tion)  [8-12],  and  transformation  from  the  metastable  tetragonal  ( f )  phase  to  the  equilibrium 
tetragonal  (/)  phase,  with  the  t  phase  undergoing  a  deleterious  martensitic  transformation  to  the 
monoclinic  ( m )  phase  [13-16].  Sintering  and  phase  transformation  provide  additional  failure 
mechanisms,  and  thereby  contribute  to  reduced  durability  of  the  TBCs.  Furthermore,  sintering 
and  phase  stability  issues  will  become  of  even  greater  significance  in  the  design  of  future  TBCs 
for  use  at  higher  temperatures.  Therefore,  an  understanding  of  sintering  and  phase  stability  of 
Zr02-based  TBCs  will  allow  better  utilization  of  these  coatings  and  serve  as  a  basis  for  the  de¬ 
sign  of  next-generation  TBCs. 

A  previous  report  [17]  provided  the  background  and  rationale  for  a  compositional  approach 
involving  the  use  of  alternative  rare-earth  oxide  stabilizers  for  Zr02.  Gadolinium  oxide,  Gd203, 
is  one  of  the  most  effective  stabilizers  for  reducing  the  thermal  conductivity  of  Zr02  [18].  Since 
Gd3+  has  a  larger  cation  radius  than  Y3+  [19],  the  rate  of  diffusion-controlled  processes  such  as 
sintering  and  f  phase  transformation  might  be  expected  to  be  slower  in  Gd2C>3-stabilized  Zr02 
than  in  YSZ.  In  previous  work  [17,20],  which  employed  the  use  of  conventional  powders  pre¬ 
pared  by  a  co-precipitation  route,  the  influence  of  Gd203  concentration  on  the  sintering,  grain 
growth,  phase  composition,  and  thermal  conductivity  of  Zr02  was  investigated.  At  an  equivalent 
stabilizer  concentration  (4  mol%),  Gd203  produced  a  lowering  of  the  sintering,  grain  growth, 
and  thermal  diffusivity  of  Zr02  when  compared  to  YSZ. 

The  objective  of  this  work  was  to  investigate  the  effect  of  Gd2(>3  concentration  (4-20  mol%) 
on  the  sintering,  phase  stability,  and  thermal  conductivity  of  plasma-sprayed  Zr02  and  to  com- 
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pare  the  data  with  those  for  plasma-sprayed  YSZ.  The  majority  of  YSZ  coatings  prepared  by  the 
common  TBC  deposition  processes  (plasma  spraying,  PS,  and  electron  beam  physical  vapor 
deposition,  EB-PVD)  have  the  metastable  f  structure  rather  than  the  closely-related  equilibrium  t 
structure  [13-16].  Therefore,  studies  on  PS  or  EB-PVD  material  are  warranted.  The  PS  tech¬ 
nique  is  used  in  this  work  because  of  the  ready  availability  of  equipment.  The  attainment  and 
stability  of  the  f  structure  is  of  crucial  importance  for  TBCs  because  the  formation  of  the  equi¬ 
librium  t  phase  and  its  transformation  to  the  m  phase  is  accompanied  by  a  volume  change  that 
leads  to  cracking  and  failure  of  the  coating.  In  the  experiments,  coatings  of  Gd2C>3-stabilized 
Zr02  and  the  baseline  YSZ  were  deposited  on  high-purity  graphite  substrates.  After  removing 
the  coatings  from  the  substrate  and  grinding  them  to  form  a  powder,  the  sintering  and  phase  sta¬ 
bility  of  the  powders  were  studied.  The  thermal  conductivity  of  dense  discs  prepared  from  the 
PS  powders  by  hot  pressing  was  also  measured. 


2.  EXPERIMENTAL  PROCEDURE 

2.1  Preparation  of  Plasma  Sprayed  Powders 

Plasma-sprayed  (PS)  powders  of  Gd2C>3-stabilized  Zr02  (4,  8,  12,  and  20  mol%  Gd203)  and 
of  the  baseline  YSZ  (4  mol%  Y203)  were  used  in  this  work.  Powders  for  the  PS  process  were 
first  synthesized  by  a  conventional  technique,  described  in  detail  elsewhere  [17,20],  and  treated 
to  provide  the  required  range  of  particle  (agglomerate)  sizes  for  efficient  flow  through  the  PS 
gun.  In  this  treatment,  the  conventionally-processed  powder  was  calcined  for  1  h  at  1350  °C  in  a 
high  purity  A12C>3  crucible,  ground  with  a  diamonite  mortar  and  pestle,  and  sieved  through 
stainless  steel  sieves  to  produce  dense  agglomerates  with  particle  sizes  in  the  range  of  53-75  pm. 
The  powders  were  plasma-sprayed  (Sulzer-Metco  9M;  Winterthur,  Switzerland),  in  a  flame  gen¬ 
erated  by  an  Ar/H2  mixture,  onto  a  high-purity  graphite  surface,  to  produce  coatings  with  a 
thickness  of  ~0.5  mm.  After  removal  from  the  graphite  substrate  by  heating  in  air  to  1000  °C 
and  cooling,  the  free  coating  was  ground  to  a  powder  using  a  hardened  steel  mortar  and  pestle, 
and  passed  through  a  325-mesh  sieve.  The  PS  powder  was  washed  twice  with  dilute  HCI  (IN)  to 
remove  metallic  impurities,  and  twice  with  anhydrous  ethanol,  dried  at  100  °C,  lightly  ground 
with  a  diamonite  mortar  and  pestle,  and  passed  through  a  140-mesh  nylon  sieve.  Samples  of  the 
powders  were  observed  using  scanning  electron  microscopy  (SEM). 

2.2  Sintering  of  Plasma-Sprayed  Powders 

Plasma-sprayed  powders  (Gd203-stabilized  Zr02  and  the  baseline  YSZ)  were  compacted  in  a 
1 /4-inch  diameter  steel  die  (applied  pressure  «  250  MPa)  to  give  pellets  with  a  height  of  ~5  mm. 
The  green  density  of  the  compacts,  determined  from  the  mass  and  dimensions,  was  55-60%  of 
the  theoretical  density.  The  compacts  were  sintered  in  air  in  a  dilatometer  (1600C;  Theta  Indus¬ 
tries,  Port  Washington,  NY),  at  a  constant  heating  rate  of  5  °C/min  to  1400  °C.  The  tendency  for 
sintering  was  determined  from  the  axial  shrinkage  of  the  compact  which  was  monitored  continu¬ 
ously  as  a  function  of  temperature.  The  fractured  surfaces  of  compacts  sintered  for  up  to  40  h  at 
1400  °C  were  examined  in  the  SEM  in  an  effort  to  observe  microstructural  changes  resulting 
from  sintering. 
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2.3  Phase  Composition  and  Phase  Stability 


The  phases  present  in  the  as-prepared  PS  powders  were  studied  using  X-ray  diffraction,  XRD 
(Scintag;  XDS  2000)  with  CuKa  radiation  (X  =  1 .5406  A).  After  grinding  in  a  diamonite  mortar 
and  pestle,  and  sieving  through  a  325-mesh  stainless  steel  sieve,  the  powders  were  scanned  step¬ 
wise  in  the  range  of  3-90°  20,  at  0.03°  per  step,  with  a  counting  time  of  0.5  second  per  step.  The 
{111}  and  {400}  peaks,  in  the  range  of  27-33°  20  and  70-76°  20,  were  scanned  more  extensively, 
at  0.02°  per  step  with  a  counting  time  of  15  seconds  per  step. 

To  investigate  the  stability  of  the  phases,  PS  powders  were  heated  in  a  high-purity  AI2O3  cru¬ 
cible  to  1400  °C,  and  held  for  5,  10,  40,  and  80  hours,  after  which  they  were  cooled  to  room 
temperature  (heating  and  cooling  rate  =  10  °C/min).  A  different  powder  sample  was  used  for 
each  run.  The  powders  were  analyzed  by  XRD  using  the  same  method  described  above  for  the 
as-prepared  plasma-sprayed  powders. 

Quantitative  XRD  was  performed  to  determine  the  concentration  of  phases  present  in  the  as- 
prepared  and  in  the  annealed  PS  powders.  The  integrated  peak  intensities  of  the  XRD  patterns 
were  determined  using  software  (RIQAS;  Materials  Data  Inc.,  Livermore,  CA).  The  mole  frac¬ 
tions,  M ,  of  the  m ,  c,  and  f  phases  were  determined  from  the  calculated  peak  intensities,  /,  and 
using  the  most  common  equations,  given  by  Miller  et  al.  [13]: 

n„4(lll)+4(lll)  Mc  4(400) 

K. 7~°-  4/(111)  ^-°'88M400)+/,(004)  (') 


2.4  Thermal  Conductivity  of  Hot  Pressed  Discs 

The  thermal  conductivity  K'  was  determined  from  separate  measurements  of  the  thermal  dif¬ 
fusivity  D  and  the  specific  heat  capacity  Cp,  and  using  the  equation: 


K'  =  pDC p  (2)  - 

where  p  is  the  measured  density  of  the  sample.  Because  the  samples  were  not  fully  dense,  the 
thermal  conductivity  data  were  corrected  for  the  residual  porosity  <£>  of  the  samples,  using  the 
equation  K7X  =1  -40/3,  where  K  is  the  corrected  thermal  conductivity  for  the  fully  dense 
material  [21]. 

Thermal  diffusivity  was  measured  using  the  laser  flash  technique  [22,23].  Disc-shaped  sam¬ 
ples  (15  mm  in  diameter  x  1  mm)  were  machined  from  solid  discs  fabricated  by  hot  pressing  PS 
powders  for  15  min  at  1350  °C  and  25  MPa  pressure  (heating  and  cooling  rate  =  10  °C/min). 
Prior  to  the  measurement,  the  surfaces  of  the  discs  were  coated  with  a  thin  layer  of  Ta,  followed 
by  a  thin  layer  of  C.  Thermal  diffusivity  measurements  were  made  at  the  High  Temperature  Ma¬ 
terials  Laboratory,  Oak  Ridge  National  Laboratory,  at  100  °C  intervals  between  100  and  1000  °C 
(Anter  Flashline  5000).  For  each  sample,  three  measurements  were  taken  at  each  temperature 
and  the  data  was  calculated  using  software  (Anter  FL5000).  The  heat  capacity  was  measured 
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using  differentia]  scanning  calorimetry,  DSC  (Netzsch)  between  100  and  600  °C,  in  a  nitrogen 
atmosphere,  with  A1  as  a  standard.  The  sample  consisted  of  a  powder  (<325  mesh),  formed  by 
grinding  the  hot  pressed  material. 


3.  RESULTS  AND  DISCUSSION 

3.1  Sintering  Kinetics  of  Plasma-Sprayed  Powders 

Figure  1  shows  the  linear  shrinkage  versus  temperature  for  the  sintering  of  plasma-sprayed 
(PS)  powders  of  Zr02-4  mol%  Gd203  and  YSZ  (Zr02-4  mol%  Y203).  For  each  composition,  the 
data  are  the  average  for  2  runs  under  the  same  conditions.  At  any  temperature,  the  shrinkage  was 
reproducible  to  within  0.2%.  The  shrinkage  is  small,  less  than  5%  for  both  samples,  which  may 
be  explained  in  terms  of  the  large  particle  size  of  the  powders  (<  45  pm).  However,  the  data 
show  that  the  Gd203-stabilized  Zr02  composition  sintered  more  slowly  than  YSZ.  A  similar 
trend  was  observed  in  previous  work  utilizing  conventionally-processed  powders  [17,20].  The 
reduced  sintering  for  the  Gd203-stabilized  Zr02  may  be  attributed  to  the  slower  diffusion  of  the 
larger  Gd3+  ion  (ionic  radius  =  0.105  nm),  compared  to  Y3+  (ionic  radius  =  0.102  nm). 

The  sintering  of  PS  powders  with  higher  Gd203  concentration  (8,  12,  and  20  mol%)  was  not 
studied  for  two  reasons.  First,  based  on  the  sintering  data  for  PS  and  conventional  powders  (4 
mol%  Gd203  or  Y203),  it  is  expected  that  the  influence  of  higher  Gd203  concentration  will  show 
trends  similar  to  those  observed  earlier  [17,20]  for  conventional  powders.  Second,  as  described 
later,  only  the  PS  powder  compositions  described  in  Fig.  1  (i.e.,  Zr02-4  mol%  Gd203  and  YSZ) 
contained  the  metastable  t'  phase,  which  is  the  phase  of  primary  interest  in  the  present  work. 


500  800  1100  1400 

Temperature  (°C) 

Figure  1.  Shrinkage  versus  sintering  temperature  for  compacts  of  plasma-sprayed  Zr02-4  mol% 
Gd203  powder  and  the  baseline  plasma-sprayed  ZrO^  mol%  Y203  (YSZ)  powder. 
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Scanning  electron  micrographs  of  the  fractured  surfaces  of  compacts  sintered  for  0,  20,  and 
40  h  at  1400  °C  are  shown  in  Figure  2.  The  micrographs  show  general  indications  of  sintering 
but  quantitative  changes  cannot  be  determined  from  the  fractured  surfaces.  A  more  detailed  ex¬ 
amination  with  polished  and  thermally  etched  surfaces  is  required  to  evaluate  microstructural 
changes. 


Figure  2.  SEM  micrographs  of  the  fractured  surfaces  of  plasma-sprayed  powder  compacts  sin¬ 
tered  at  1400  °C  for  various  times:  (a)  YSZ;  0  h;  (b)  Zr(>2^4  mol%  Gd2(>3;  0  h;  (c)  YSZ;  20  h; 
(d)  ZrOr-  4  mol%  Gd203;  20  h;  (e)  YSZ;  40  h;  (f)  ZrCV  4  mol%  Gd203;  40  h.  (Bar  =  10  pm) 
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3.2  Phase  Composition  of  As-Prepared  Plasma-Sprayed  Powders 

JFigure  3  shows  XRD  patterns  of  the  as-prepared  PS  powders  of  Gd203-stabilized  Zr02  (4,  8, 
12,  and  20  mol%  Gd203)  and  YSZ.  In  the  {111}  region  (27-33°  20),  there  is  no  clear  evidence 
for  the  presence  of  monoclinic  peaks  in  any  of  the  patterns.  In  the  {400}  region,  (70-76°  20), 
only  the  Zr02-4  mol%  Gd203  and  YSZ  (Zr02-4  mol%  Y203)  display  the  f(004)  and  ^(400) 
peaks  characteristic  of  the  f  phase.  Compositions  with  higher  Gd203  concentrations  (8,  12,  and 
20  mol%)  show  a  single  peak  characteristic  of  the  cubic  (c)  phase.  The  data  indicate  that  the  up¬ 
per  boundary  of  the  f  phase  region  in  Zr02-Gd203  is  somewhat  below  8  mol%  Gd203.  Table  1 
provides  a  summary  of  the  phase  composition  of  the  as-prepared  PS  powders. 
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Figure  3.  X-ray  diffraction  patterns  of  the  as-prepared  plasma-sprayed  powders  of  Gd203- 
stabilized  Zr02  powders  and  the  baseline  Zr02-4  mol%  Y203  (YSZ)  powder. 


3.3  Phase  Stability  of  Plasma-Sprayed  Powders 

Figure  4  shows  the  {111}  region  of  plasma-sprayed  Zr02-4  mol%  Y203  (YSZ)  after  varying 
lengths  of  time  at  1400°C  and  Figure  5  shows  corresponding  data  for  Zr02-4  mol%  Gd203.  The 
peaks  associated  with  the  monoclinic  phase  in  the  Zr02-4  mol%  Gd203  composition  are  evident 
after  only  5  hours  whereas  no  peaks  are  observed  for  YSZ  for  the  same  annealing  time.  Further¬ 
more,  for  a  given  annealing  time  (40  or  80  hours)  the  monoclinic  peaks  in  Zr02-4  mol%  Gd203, 
relative  to  the  f,c{  111}  peak,  are  much  larger  than  those  for  YSZ.  The  {400}  region  of  plasma- 
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Table  1.  Phase  composition  of  the  as-prepared  plasma-sprayed  powders. 


Composition 

Phase 

% 

Zr02~4  mol%  Y203 

f 

100 

ZrC>2-4  mol%  Gd203 

f 

100 

ZrC>2-8  mol%  Gd203 

cubic 

100 

Zr02-12  mol%  Gd203 

cubic 

100 

ZrO2-20  mol%  Gd203 

cubic 

100 

sprayed  ZrC>2-4  mol%  Y2O3  and  for  YSZ  after  varying  annealing  times  at  1400°C  are  shown  in 
Figures  6  and  7.  The  f  (004)  and  t'(400)  peaks  in  Zr02-4  mol%  Gd203  have  almost  disappeared 
for  annealing  times  of  40  h  and  80  h,  whereas  peaks  are  still  noticeable  for  YSZ  after  40  h. 
These  data,  coupled  with  the  data  in  Figures  4  and  5,  indicate  a  faster  transformation  (or  reduced 
stability  of  the  f  phase  in  Zr02-4  mol%  Gd203,  when  compared  to  YSZ. 


Figure  4.  X-ray  diffraction  pattern  of  the  {111}  region  of  plasma-sprayed  Zr02-4  mol%  Y203 
(YSZ)  powder  after  heat  treatment  for  0,  5,  10, 40,  and  80  hours  at  1400  °C. 
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Figure  5.  X-ray  diffraction  pattern  of  the  {111}  region  of  plasma-sprayed  ZI02-4  mol%  Gd203 
powder  after  heat  treatment  for  0.  5.  10.  40.  and  80  hours  at  1400  °C. 


20  (degree) 

Figure  6.  X-ray  diffraction  pattern  of  the  {400}  region  of  plasma-sprayed  Zr02-4  mol%  Y203 
(YSZ)  powder  after  heat  treatment  for  0,  5, 10,  40,  and  80  hours  at  1400  °C. 
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Figure  7.  X-ray  diffraction  pattern  of  the  {400}  region  of  plasma-sprayed  ZrC>2-4  mol%  Gd2C>3 
powder  after  heat  treatment  for  0,  5,  10,  40,  and  80  hours  at  1400  °C. 


The  XRD  patterns  of  the  {111}  and  {400}  regions  (Figure  4-7)  and  Eq.  (1)  were  used  to  de¬ 
termine  the  concentration  of  m,  c,  and  f  phases  as  a  function  of  annealing  time  at  1400  °C  for  PS 
powders  of  ZrC>2-4mol%  Gd2C>3  and  YSZ.  The  calculated  concentrations  are  shown  in  Figures 
&-10.  Each  data  point  is  the  average  of  two  samples  subjected  to  the  same  annealing  conditions 
and  X-ray  analysis.  In  the  {111}  region,  the  data  for  the  concentration  (in  mol%)  of  m  phase  is 
reproducible  to  ±2  mol%,  whereas  for  the  {400}  region,  due  to  the  overlap  of  the  f  and  c  peaks, 
the  data  are  reproducible  to  ±5  mol%.  The  data  show  that  Zr02-4  mol%  Gd203  has  a  lower  re¬ 
sistance  to  stability  of  the  f  phase  when  compared  to  YSZ.  For  example,  after  40  h,  there  is  no 
evidence  for  the  f  phase  in  the  Gd203-stabilized  Zr02,  whereas  there  is  still  ~50  mol%  remaining 
in  YSZ. 

The  observed  decrease  in  the  f  phase  stability  for  Gd2C>3-stabilized  Z1O2,  when  compared  to  ^ 
YSZ,  is  consistent  with  the  results  of  Rebollo  et  al.  [24,25],  who  examined  the  effects  of  differ¬ 
ent  rare-earth  stabilizers  on  the  phase  stability  of  single-phase  Zr02  supersaturated  solid  solution 
powders  containing  the  t'  (or  c' )  phases.  However,  this  is  not  what  would  be  expected  on  the  ba¬ 
sis  of  kinetic  considerations.  The  partitioning  of  the  f  phase  to  the  equilibrium  t  and  c  phases 
during  high  temperature  annealing  is  diffusion-controlled,  requiring  long-range  cation  diffusion. 

The  f  phase  stability  should  therefore  be  expected  to  increase  for  Gd2C>3-stabilized  ZrC>2  com¬ 
pared  to  YSZ,  because  Gd3+  has  a  larger  ionic  radius  than  Y3+.  Rebollo  et  al.  [24,25]  suggested 
that  the  t'  phase  stability  depends  not  only  on  the  diffusion  kinetics  but  also  on  the  driving  force 
for  partitioning  of  the  f  phase  which  scales  as  the  width  of  the  t  +  c  phase  field.  Thermodynamic 
calculations  indicate  that  the  width  of  the  t  +  c  phase  field  scales  as  the  radius  of  the  rare-earth 
cation  [26],  so  larger  cations  provide  a  greater  driving  force  for  partitioning.  The  suggestion  put 
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forward  by  Rebollo  et  aL  [24,25]  has  considerable  merit  but  it  must  be  remembered  that  phase 
diagrams  inherently  suffer  from  uncertainties  in  the  phase  boundaries,  even  for  the  most  widely 
studied  systems  such  as  Zr02-Y203. 
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Figure  8.  Concentration  (mol%)  monoclinic  (m)  phase  versus  annealing  time  at  1400  °C  for 
plasma-sprayed  ZrC>2-4  mol%  Gd203  powder  and  the  baseline  plasma-sprayed  ZrC>2-4  mol% 
Y203  (YSZ)  powder. 


Figure  9.  Concentration  (mol%)  cubic  (c)  phase  versus  annealing  time  at  1400  °C  for  plasma- 
sprayed  Zr02-4  mol%  Gd203  powder  and  the  baseline  plasma-sprayed  Zr02-4  mol%  Y203 
(YSZ)  powder. 
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Figure  10.  Concentration  (mol%)  f  phase  versus  annealing  time  at  1400  °C  for  plasma-sprayed 
Zr(>2-4  mol%  Gd2C>3  powder  and  the  baseline  plasma-sprayed  ZrC>2-4  mol%  Y2O3  (YSZ)  powder. 


Partitioning  of  the  f  phase  is  complicated  by  several  decomposition  paths  that  are  tempera¬ 
ture  dependent.  It  has  been  suggested  that  the  formation  of  a  Y2C>3-rich  phase,  designated  oc¬ 
curs  prior  to  the  equilibrium  t  phase  [27].  The  plasma-sprayed  microstructure  is  first  replaced  by 
a  fine  “tweed”  microstructure  resulting  from  a  dispersion  of  f  that  are  spatially  arranged  to 
minimize  the  strain  energy,  followed  by  a  classical  strain-induced  growth  [28]  of  the  precipitates 
to  form  a  “herring  bone”  tiling  of  the  tetragonal  phases.  The  use  of  a  large  misfitting  cation, 
such  as  Gd3+,  can  provide  a  greater  driving  force  for  the  formation  of  the  f’  phase,  with  subse¬ 
quent  decomposition  to  the  t  phase  controlled  by  diffusional  growth. 

3.4  Thermal  Conductivity 

Figure  11  shows  data  for  the  thermal  conductivity  versus  temperature  for  ZrC>2-4  mol% 
Y2O3  and  YSZ  fabricated  from  plasma-sprayed  (PS)  powders.  The  data  for  YSZ  fabricated  from 
conventionally-processed  powders,  included  for  comparison,  are  comparable  to  published  data 
for  conventionally-processed,  hot-pressed  YSZ.  The  lack  of  any  significant  difference  between 
the  data  for  PS  and  conventionally  processed  YSZ  indicates  that  the  conventionally  processed 
materials  are  adequate  for  examining  stabilizer  effects  on  thermal  conductivity.  For  the  PS  mate¬ 
rials,  Z1O2-4  mol%  Gd203  has  a  lower  thermal  conductivity  than  YSZ,  which  is  consistent  with 
published  data  [18].  [ 
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Figure  11.  Thermal  conductivity  versus  temperature  for  hot-pressed  discs  prepared  from 
plasma-sprayed  (PS)  powders  of  Zr03-4  mol%  Gd?03  and  ZrO?-4  mol%  Y2O3  (YSZ).  For  com¬ 
parison,  the  data  for  YSZ  prepared  from  conventional  powder  (C)  is  also  shown. 


4.  SUGGESTIONS  FOR  FUTURE  WORK 

The  use  of  Gd203  as  a  stabilizer  for  Zr02  is  seen  to  provide  benefits  for  TBC  applications  in 
the  form  of  reduced  sintering  and  a  lowering  of  the  thermal  conductivity  when  compared  to  YSZ. 
An  undesirable  effect,  however,  is  the  reduction  in  the  f  phase  stability.  Further  work  should 
examine  the  influence  of  other  rare-earth  stabilizers,  single  stabilizers  as  well  as  double  dopants, 
on  the  sintering,  phase  stability,  and  thermal  conductivity  of  plasma-sprayed  ZKVbased  materi¬ 
als.  Ytterbium  oxide,  Yb203,  in  which  the  Yb3+  cation  radius  is  smaller  than  the  cation  radius  of 
Y3+,  is  an  alternative  stabilizer  that  should  be  investigated.  Co-doped  ZrC>2  compositions,  simul¬ 
taneously  stabilized  with  Y203  and  another  rare-earth  oxide  (such  as  Gd203  or  Yb203),  are  worth 
investigating.  In  this  way,  it  may  be  possible  to  combine  the  desirable  sintering  and  thermal  con¬ 
ductivity  effects  produced  by  Gd203  with  the  desirable  f  phase  stability  resulting  from  the  use  of 
Y203.  Some  co-doped  Zr02  materials  have  been  shown  to  have  significantly  lower  thermal  con¬ 
ductivity  than  YSZ  and  a  few  have  been  found  to  have  thermal  cycle  lifetimes  that  are  compara¬ 
ble  or  superior  to  YSZ  [9].  However,  a  detailed  investigation  of  their  sintering  behavior,  phase 
composition,  and  stability  of  the  f  phase  (if  present)  has  not  been  performed. 


5.  CONCLUSIONS 

Plasma-sprayed  (PS)  powders  of  Gd203-stabilized  Zr02  (4  mol%  Gd203)  sintered  more 
slowly  and  had  a  lower  resistance  to  destabilization  of  the  metastable  tetragonal  (f)  phase  than 
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Y203-stabilized  Zr02  (YSZ).  Gadolina-stabilized  Zr02  (4  mol%  Gd203)  also  had  a  lower  ther¬ 
mal  conductivity  than  YSZ.  Since  sintering  and  the  partitioning  of  the  f  phase  to  the  equilibrium 
tetragonal  (/)  and  cubic  (c)  phases  are  diffusion-controlled,  the  role  of  the  larger  Gd3+  ion  in  low¬ 
ering  both  the  sintering  and  f  phase  stability  cannot  be  explained  in  terms  of  kinetics  only.  The 
driving  force  for  the  partitioning  of  the  f  phase  must  also  be  considered.  The  factors  influencing 
the  driving  force  are  currently  not  clear  because  the  decomposition  of  the  f  phase  is  complicated 
by  several  temperature-dependent  decomposition  paths.  Practically,  Gd203  by  itself  may  not  be 
an  effective  stabilizer  for  Zr02-based  TBCs  intended  for  high  temperature  use.  Future  work 
should  investigate  the  sintering,  phase  stability,  and  thermal  conductivity  of  co-doped  Zr02  com¬ 
positions  simultaneously  stabilized  with  Y203  and  another  rare-earth  oxide  such  as  Gd2Q3. 
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